human body is demanding to analyze as it is a highly complex medium consisting of different frequency-dependent lossy materials of varying thickness. Moreover, experimental analyses are also unfeasible because that requires probes to be placed inside a human body to collect the signals. This paper focuses on in-body to in-body implant communication for future multinodal capsule-like leadless cardiac pacemaker technology. The frequency range of 0.3-3 GHz is analyzed using very detailed numerical simulations of digital human models. The results show that the Industrial, Scientific, and Medical radio band of the frequency range of 2.4-2.5 GHz is optimal, having the least attenuation of signals considering the size constraints of the implant antenna. Furthermore, the placement of an additional subcutaneous implant transceiver is studied. The analysis shows that the abdominal wall is the optimal position for the placement of the implant compared to shoulder and lateral side of the body. This result is further validated by an in vivo experiment on an adult pig. The other novelty of the study is the investigation of the channel behavior based on ventricular blood volume of the heart to find out the appropriate timing of the transmission of signals between the implants. The results show that the attenuation of the signal increases with the increase in blood volume inside the heart.
I. INTRODUCTION
T HE functional sophistication and complexity of implantable medical device systems have increased over the years. It has become increasingly more important for such systems to include a system for facilitating communication between one implanted device and another and/or an external device, such as a programming console, monitoring system, or the like [1] . Knowledge of the wave propagation media is a key step towards a successful design of a wireless communication system. Such information is typically gathered by conducting physical experiments, measuring and processing the corresponding data to obtain channel characteristics. In case of medical implants, understanding this propagation medium is rather difficult [2] , [3] . Thus, software simulation is one of the most substantial techniques to have an estimated knowledge of the channel characteristics. To the best our knowledge, very little research has been done on characterizing the channel models for in-body to in-body communication compared to conventional communications outside the body [4] - [6] . Since human body consists of many different types of tissues with varying electromagnetic properties, the channel model varies correspondingly depending on the positions of the implants inside the body.
The Federal Communication Commission (FCC) has allocated the frequencies in the 402-405 MHz range to be used for Medical Implant Communication Services (MICS). This is an ultra-low power, unlicensed mobile radio service for transmitting data in support of diagnostic or therapeutic functions associated with implanted medical devices [7] . The MICS permits individuals and medical practitioners to utilize ultra-low power medical implant devices, such as cardiac pacemakers and defibrillators, without interfering with other users of the electromagnetic radio spectrum. Among primary reasons for selecting these frequencies, one can point to better propagation characteristics for medical implants, reasonable sized antennas, and worldwide availability [8] , [9] . However, the MICS frequency band may not always be the appropriate option depending on the implant position and the required antenna size. This paper mainly focuses on in-body RF channel modeling to investigate and develop communication framework for pacing/ resynchronization of the heart using multiple spatial heart sensor nodes. Fig. 1 . Schematic of a three-node leadless capsule pacemaker application for cardiac resynchronization therapy. The capsules C1, C2 and C3 are placed inside the chambers of the heart and they can communicate with the subcutaneous implant S1. RA-right atrium, RV-right ventricle, LA-left atrium, LV-left ventricle, C-capsules and S-subcutaneous implant.
The commercially available leadless pacemaker technology offers single-chamber stimulation but the technology providing multi-chamber stimulations and cardiac resynchronization will be an optimum solution. When building a practical communication model, the optimal frequency band for our multi-node leadless cardiac multi-node leadless cardiac pacemaker application (see Fig. 1 ) is evaluated based on the size of the capsule pacemakers and the corresponding channel responses.
The study involves modeling of in-body communication channels within the human heart as well as from the heart to different areas surrounding the heart using mathematical simulations. One of the aims is to determine the appropriate frequency for operation of our conceptual cardiac capsule pacemakers optimizing the power consumption of the signal transmission among the capsules. Considering an appropriate capsule size, to minimize the chance of interference with mechanics and hemodynamics of the heart, our experiments have shown promising results at the ISM radio band. This finding is based on using a simple dipole antenna with length of 5 mm and a diameter of 2 mm. The length of 5 mm is a rational size for the antenna, whereas the rest of the space of the capsule will be occupied by other components. For the capsule to be implanted transvenously using current catheters, the length of the capsule is limited to 10 mm for the multi-node pacemaker technology. The size of required antennas and battery restricts available space for sensors and actuators to be incorporated in a such device, which often necessitating a trade-off between bandwidth for transmission, data rates, power requirements and the size of the device. This paper also focuses in finding the ideal position for a sub-cutaneous implant based on simulation results and animal experiments.
The other novelty of the paper is the analysis of the channel behavior with varying ventricular volume i.e., ventricular blood volume variations during the cardiac cycle [10] , [11] . During end-diastole, the heart has the maximum amount of blood as it is filled whereas, during end-systole, the heart has the lowest amount of blood as most of the blood is ejected. Various scenarios with different ventricular blood volume are analyzed to determine the appropriate timing of the transmission of signals between the implants. To best of our knowledge, no significant research has been done on analyzing the variation of received signal-strength with cardiac cycle.
The following sections of the paper are organized as follows: Section II describes the methods used in the study and the simulations constructed to study RF propagation from radio implants. Description of our simulation results is provided in Section III. The in-vivo animal experimental setup and results are described in Section IV. Finally, concluding remarks and future directions are expressed in Section V.
II. METHODOLOGY
The human body is not an ideal medium for transmissions of RF wave. Understanding the effect of human body on the RF signal is essential when designing an in-body data communication link. Unlike standard communications through air, the various tissues and organs within the body have unique conductivities, dielectric constants, and characteristic impedances. Therefore, depending on the frequency of operation, the human body can cause high losses due to power absorption and radiation pattern destruction [12] , [13] . The absorption effects vary in magnitude with both frequency of applied field and the characteristics of the tissue, which is largely based on the water and ionic contents. It is very demanding to determine the absorption of the electromagnetic power radiated from an implanted source by the human body [14] . Understanding the human body's effect on RF wave propagation is complicated by the fact that the different components of the body offer varying degrees and types of RF interaction. Although several investigations have been conducted to determine the effect of human body on radiated field [15] - [19] , most of the studies have been based on external sources. The liquid nature of most body structures gives a degree of RF attenuation, whereas, the skeletal structure introduces wave diffraction and refraction at certain frequencies [20] . When the wavelength of a signal is significantly larger than the cross-section of the human body being penetrated, there is very little effect on the signal. However, the human body begin to introduce a scattering effect on the RF signal with increase in frequency [21] . To construct a reliable wireless communication link from/to the human body, the body must be characterized as a medium for wave propagation. And to do so, the electrical properties of the body tissues, mainly the dielectric properties, should be known for the frequency of interest.
The dielectric constant describes how a material is affected by electric fields and is usually described as a dimensionless ratio in terms of the permittivity of free space [22] . The dielectric constant can vary substantially with frequency and can therefore only be considered constant for a finite range of frequencies.
Conductivity describes how much the electromagnetic wave is attenuated as it transits the body tissues. Conductivity diminishes electromagnetic radiation as the free electrons and ions in the material are moved by the incoming wave's fields. The electrons and ions will seek the lowest energy state and rearrange themselves in such a way that cancel out the incoming wave's field. If the electrons and ions can lose energy through collisions, the electromagnetic energy is dissipated by the collisions and turned into heat [23] .
The body has a high electric conductivity that results in a large path-loss in the transmission of energy from the implant to free air space. So, our research is focused on implant to implant communication and implant to sub-cutaneous communication channels. The electromagnetic simulations were performed using the 3D electromagnetic simulation tool Computer Simulation Technology (CST) (https://www.cst.com/) [24] . The voxel data sets mimicking the dielectric properties of human body tissues are used for the calculations of Maxwell equations in the complex medium. The time domain solver of CST has been used and the simulation results are verified with the results from the frequency domain solver of the same software for some cases to validate the consistency of the results.
Each type of voxel representing the biological human tissue will produce its own characteristic response to an imposed electric field [25] , which can be mathematically represented with the complex relative permittivity:
in which ε ∞ is the permittivity measured at a sufficiently high frequency for the voxels (polarizable entities) to be unable to respond to the electric field, ε s is the limiting low frequency permittivity where the polarisation effect is completely realised, ω is the angular frequency, i is the complex number √ −1 and τ is the characteristic response or relaxation time.
The real and imaginary parts of the relative permittivity can be expressed by
in which the real part ε of the permittivity parameter in (2), is given by:
The imaginary component ε , corresponding to the dissipative loss associated with the polarizable charges moving in phase with the electric field is shown by
The loss factor ε can also be defined in the terms of the frequency-dependent conductivity by
where σ 0 is the sly from the moving ions and σ d (ω) is the frequency-dependent conductivity arising from dielectric polarization losses. Our research involved three voxel models: muscle block, Donna and HUGO models. The muscle block model is the simplest one while the HUGO model is the most complex one. The simplified models were used to decrease the computational complexity initially, as multiple simulations in the HUGO model are computationally very expensive. The biological material properties used in the computations are based on 4-Cole-Cole model provided by Gabriel at the specified frequency [26] , [27] . The formula and parameters used are found under (http://niremf.ifac.cnr.it/docs/DIELECTRIC/AppendixC.html). To use the 4-Cole-Cole model in the calculations, simplifications are needed which is based on curve fitting. Depending on the selected frequency range for broad-band computations, a part of the 4-Cole-Cole model in the given frequency range is generated and curve fitting based on nth order polynomial function is applied for the best fit with minimum least square method.
A. Muscle Block Model
The muscle block model is a very simple electromagnetic model with resolution of 1 mm × 1 mm × 1 mm. The two communication elements, the capsules, are modeled as simple dipole antennas with a length of 5 mm and a diameter of 2 mm enclosed on all sides in a vacuum tube of width 1 mm. The vacuum gap of 1 mm is provided on all sides to prevent the direct contact of the antenna with the body tissues. To classify the frequency which produces the least path-loss between the two capsules, a 500 mm × 500 mm × 500 mm cubic block is used, with its permittivity representing that of the human muscle (see Fig. 2 ). The muscle block contains a centrally located sphere of diameter 50 mm with permittivity representing that of human blood. This model is designed for a simple representation of one of the four chambers of the human heart. The permittivity of both the muscle block and the blood sphere changes according to the frequencies since we know that the permittivity of human tissues are frequency dependent. Two simple, fixed-length dipoles are placed at two ends of the sphere and the path-loss is calculated using the scattering parameter (S 21 ) of the antenna when a Gaussian pulse of power 1 W is transmitted. The distance between the dipoles is fixed at 50 mm and the frequency range of 300 MHz to 3 GHz is analyzed.
A quadratic equation of order two is used to fit the data which represents the variations of permittivity and conductivity with frequency. A linear function could simplify the simulations and decrease the computational time but it could not perfectly fit the data. So, a quadratic function is used instead of a linear one.
The number of dielectric data samples taken for the quadratic fitting is fixed to 100 in the entire frequency range between 0.3 −3 GHz. The maximum error limit between the real data and the quadratic fitting is fixed to 0.01. A curve-fitting algorithm is used to find the best fit. It is observed that the quadratic equation of order 2 could best fit the frequency dependent dielectric curve (see Eq. 2-5). Decreasing the maximum error limit and increasing the number of the data points could provide better curve fitting but this would highly increase the computational time. Dielectric properties of both blood and muscle vary depending on the frequency (see Fig. 3 ).
B. Donna Model
The Donna model is a biological model from the CST Voxel family [28] . It is a heterogeneous body model of a middle-aged oversized 40 years old woman with a weight of 79 kilograms.
The resolution of the model is 1.875 mm × 1.875 mm × 10 mm. Though it is a heterogeneous model, the heart is represented as a homogeneous volume composed of voxels with average permittivity and conductivity of human heart tissues. The permittivity and the conductivity of the heart corresponding to the frequency is given in Fig. 4 . A quadratic function of order 2 is used to fit the data which can be used for simulations. The Cole-Cole parameters for the modelled biological tissues are provided in Table I .
The dipole antennas of length 5 mm and diameter 2 mm are placed at two positions inside the heart to create a communication link between them. One of the dipole is placed inside the right ventricle close to the apex of the heart and another inside the right atrium (see Fig. 5(a) ). The upper torso of the Donna model starting from the lower base of the neck to the upper abdomen is used for simulation. The full-body simulation is not done since it is computationally expensive and is not required for the estimation of the channel models inside-or close to the heart. Another simulation is done on the same model, but with changing the location of the right atrium dipole to a subcutaneous position on the upper-chest where the can (containing the electronics and lead connections) of a pacemaker is normally placed (see Fig. 5(b) ).
These simulations help us to get an idea of the signal loss at different frequencies and choose the appropriate frequency for the multi-node capsule pacemaker technology.
C. HUGO Model
The anatomical data set used in our research is of the Visible Human Project [30] , [31] and the voxel model developed from it in CST is known as HUGO model. The model is based on a dissected male corpse sliced into several thousand layers, which are sampled and interpolated together, creating a highly detailed computational model. The import is performed via an interface that allows different resolutions (1 mm -8 mm) and different material tissues to be selected. The resolution of 1mm by 1mm is used for the simulations in this study. The area of interest is selected in a side view and front view manner (see Fig. 6 ). The model is very detailed and considers the dielectric properties of each biological material separately. The dielectric properties of individual types of human body tissues are modelled to mimic the changes in the permittivity and conductivity values with respect to frequency. The upper torso of the HUGO model starting from the lower base of the neck to the upper abdomen is used for simulation. Like the Donna model, the full-body simulation is not done in the HUGO model also since it is computationally expensive and not required for the estimation of the channel models inside-and close to the heart.
The dielectric property curves of two main types of tissues, blood and muscle, for the entire frequency range, were provided previously (see Fig. 3 ). This model included several other tissuetypes such as fat, skin, bone, cartilages, bone marrow, lung etc.
The motivation is to build a communication model between three capsules placed inside the heart. The proposed positions of the three capsules inside the heart is in the right ventricle close to the apex of the heart, right atrium, and left ventricle (see Fig. 6(a) ). The other motivation is to find the optimum position of the sub-cutaneous implant for which the capsules are placed subcutaneously in the shoulder, lateral side of the body and abdomen wall (see Fig. 6(b) ). During heartbeat, the volume of the blood inside the heart chambers constantly vary, between end-diastole when the heart is dilated with maximum blood volume and end-systole where the heart is contracted and contains minimum volume. Due to the high mineral content, blood is a highly dispersive medium. The blood volume in the right ventricle approximately varies between 14 mL to 180 mL for a human heart between endsystole and end-diastole [32] . To simulate how the variation of blood volume affects the signal transmission, we designed a simulation scenario using the same simulation tool as in the previous section. A blood-containing sphere is placed inside the right ventricle of the heart of the HUGO model and the diameter of the sphere is varied in proportion to the ventricular blood flow (see Fig. 7 ). The simulation is run for sphere radiuses of 15, 20, 25 and 35 mm which accounts for 14, 33, 65 and 180 mL of blood respectively. Capsule C1 is placed in the right ventricle, C2 in the left ventricle and S1 in the shoulder subcutaneously. The simulations are performed to investigate the change in the received signal power at 2.4 GHz during the cardiac cycle.
The dipole antennas are always oriented along the z-axis which is in the coronal plane [33] of the human body. The normalization of the S-parameters is done to remove the mismatch effects of the transmitter antenna (Tx) and receiver antenna (Rx) and to find the coupling between the antennas [34] . The normalization of the power received by Rx from Tx is calculated using the following equation
where |S 21 | norm is the normalized power received, S 21 is the power received before normalization, S 11 & S 22 are the return losses of the Tx and Rx respectively. The Tx mismatch effect is removed using the following equation
where |S 11 | norm is the normalized return loss of the Tx and |S 11 | is the return loss before normalization. The normalization of the S-parameters are done using mathematical techniques as it is impossible to match the antenna over such wide frequency range using the matching networks.
III. RESULTS
The results from different bio-models after simulation in CST are recorded over the entire-frequency range from 0.3 to 3 GHz.
A. Muscle Block Results
Because of reciprocity, interchanging Tx and Rx will not affect the outcome. The coupling varies between −130 dB to −84.5 dB in the frequency range of 0.3 GHz to 3 GHz (see Fig. 8 ). The lowest coupling of −130 dB is see at 738 MHz whereas the highest coupling of −84.5 dB is observed at 2.73 GHz. The result shows that the coupling approaches maximum in the ISM band. The coupling varies between −89 dB and −87 dB in the frequency range of 2.4 GHz to 2.5 GHz. In the muscle block model, the signal mainly passes through the blood, which is highly lossy material. Consequently, the attenuation of the signal is higher in muscle block model than in normal human heart which does not only contain muscle and blood, but also less attenuating mediums, such as fat and other connective tissues. 
B. Donna Model Results
The simulations in Donna model (see Figs. 9 and 10) shows the coupling between the capsules placed in the left ventricle and subcutaneously in the shoulder respectively, when the signal is transmitted from the capsule placed in the right ventricle. In the simulations of cardiac implant to cardiac implant, the coupling fluctuates between −133.5 dB and −88.5 dB in the frequency range of 0.3 GHz to 3 GHz. The least coupling is at 2.09 GHz whereas the highest is at 1.18 GHz and varies between −93.7 dB and −89.6 dB in the ISM frequency band.
In the simulation of cardiac implant to subcutaneous implant in shoulder, the coupling varies between −133.1 dB and −95.1 dB in the frequency range of 0.3 GHz to 3 GHz. The least coupling is noticed at 2.67 GHz whereas the highest is at 2.23 GHz. It varies from −98.4 dB to −96.2 dB in the ISM band.
The Donna model gives approximate results because the heart is modelled as a homogeneous medium with dielectric properties of all heart tissues averaged. The simulations on the more sophisticated HUGO model provide more realistic results. Moreover, very large fading variations can be noticed in the coupling at some frequencies. This is due to the uneven voxel size of the Donna model. Each voxel has a length and breadth of 1.875 mm * 1.875 mm but a height of 10 mm which is nearly six times of that of the length and breadth. This causes sudden impedance mismatch in the wave propagation. This is also the reason behind the minimum points in Figs. 8, 9 and 10. This can be avoided in the HUGO model as it has equal dimensions on all sides of 1 mm * 1 mm * 1 mm. In addition, as the frequency of simulations is at 2.4 GHz, the wavelength in the biological medium is about 17 mm (for ε = 50). Therefore, some voxels are in the range of λ/2 or more. Therefore, accurate results can be achieved using Hugo model. The other models would be appropriate for lower frequencies. Donna model shows uneven characteristics at higher frequencies compared to lower frequencies below 700 MHz as seen from the simulation results. So, the available voxel resolution of the Donna model is not appropriate for conducting experiments at higher frequencies.
C. HUGO Model Results
The simulations in the HUGO model is done for the entire frequency range of 0.3 GHz to 3 GHz for three-capsule cardiac pacemaker system (see Fig. 6(a) ). The results show that the coupling varies between −101.2 dB and −64.9 dB, −86.8 dB to −71.1 dB and −109.8 dB to −76.1 dB for C1 to C2, C1 to C3 and C2 to C3 pacemaker capsule-configuration respectively (see Fig. 11 ). For the C1 to C2 pacemaker configuration, the maximum coupling of −64.9 dB is seen at 2.42 GHz which lies within the ISM frequency band. For the C1 to C3 and C2 to C3 capsule configurations, the coupling in the ISM band is also close to its maximum. The results show that the variation of coupling with frequency is smooth and less fading is visible due to better voxel resolution in comparison to the Donna model.
Another objective of the paper is to define the optimal placement site for the small-sized subcutaneous implant. To investigate various potential sites, the simulations are done by placing the capsule in the shoulder, lateral side of the body and in the abdominal wall (see Fig. 6(b) ). The results show that the coupling varies from −101.9 dB to −79.8 dB, −129.7 dB to −97.1 dB and −142.4 dB to −116.9 dB for C1 to S3, C1 to S2 and C1 to S1 capsules configuration respectively (see Fig. 12 ). The maximum coupling of −79.8 dB is observed for the C1 to S3 capsule configuration at the frequency of 2.39 GHz. For the other (a) The transmitter Capsule c1 is placed in the right ventricle close to the apex and receiver Capsule c2 is placed in the left ventricle. (b) The transmitter Capsule c1 is placed in the right ventricle close to the apex and receiver Capsule s1 is placed in the shoulder subcutaneously.
configurations, the coupling approaches maximum in the ISM band but it is rather less compared to the C1 to S3 configuration. This shows that the outer wall of the abdomen is a better position for the placement of the sub-cutaneous implant as compared to shoulder and lateral side of the body. Since, the size of the implant is very small, the effort in placing the implant to the abdomen wall will be nominal without causing much discomfort to the patients as suggested by the medical doctors. coupling (see Table II ). At 2.4 GHz, the coupling varies by 3.1 dB for the C1 to C2 configuration and by 1.3 dB for the C1 to S1 configuration between 14 mL and 180 mL spheres of blood. The results confirm that the coupling decreases with the increase in cardiac blood volume. The variation is coupling is not too high because the distance between the capsules is kept constant. When the blood volume is increased, the voxels representing muscle is converted to voxel representing blood. Whereas, in real scenario the capsules would move with cardiac movements during the cardiac cycle resulting in different distances between them. This would further cause significant variation in the coupling in different scenarios. The dynamic movement of the heart could not be simulated in our model as it can only simulate static conditions.
IV. LIVING ANIMAL EXPERIMENTAL SETUP
The results from the mathematical simulation of the cardiac implant to sub-cutaneous implant communication are validated by an in-vivo experiment on an adult pig. A simple transmitter capsule is designed which is a plastic container containing a printed circuit board (PCB), an antenna and a battery (see Fig 13(a) ). The PCB contains a voltage-controlled oscillator (VCO) IC (HMC385LP4E) operating at 3V and generating sinusoidal signal at 2.4 GHz. The antenna is 1 mm radius meander shaped with a resonant frequency of 2.4 GHz which is matched at that frequency. The antenna used in the experiments is a scaled version of our implant antenna published in [35] . The measured S11 inside the plastic container within a liquid phantom, including an air gap around the antenna, is less than −8 dB at 2.4 GHz. We note that the measurement of such small antennas using cables cannot be very accurate, but we estimate that the antenna is well matched to the source impedance. The sub-cutaneous implant antenna (Fig. 13(b) ) is a wide-band patch antenna of dimensions 3 cm * 3 cm which is the receiver antenna and has a wideband impedance matching with S11< −11 dB. The an- tenna is encapsulated using plastic covering to prevent direct contact with tissues.
The in-vivo animal experiments are performed on a pig weighing 61 kgs (see Fig. 14) . To evaluate and compare the performances of the capsule in an environment similar to that of the human body, the pig is prepared under a general anesthetic and used in this experiment. All studies are performed at the hybrid operating room of the Intervention Centre, Rikshospitalet, Oslo University Hospital, Norway that has accreditation for conducting animal experiments. All the experiments are performed in strict compliance with laws regarding Ethical standards and humane treatment of animals. Because this animal was alive and all of its organs were operating normally, the experimental conditions were virtually identical to the conditions expected in a human body. The implant transmitter capsule is placed behind the right ventricle by making making an incision on the chest of the pig. The incisions are closed to prevent any leakage of signal through the holes (see Fig. 15 ). The sub-cutaneous implant is placed under the skin near the shoulder. The antenna is connected to the spectrum analyser via the probes. The received power is directly visualised using a spectrum analyser and saved for post-processing. The sub-cutaneous implant is placed at other positions like the lateral side of the body and wall of the abdomen to find the optimal placement of the sub-cutaneous implant. The distance between the implants are measured with the help of an electromagnetic distance measurement system called Medical Aurora manufactured by the company northern Digital Inc. that gives accurate distance measurements. The living animal experiment results is in good accordance with the simulation results. Living animal experiments are used to obtain the coupling at few discrete points. Since, it is difficult to maneuver the implants inside the pig to obtain multiple desirable distances to obtain a complete path-loss model, few recording are done to compare with the simulation results .The coupling is −88.31 dB at a distance of 130 mm between the cardiac implant and the sub-cutaneous implant on the shoulder (see Table III ). The coupling improves by 4.09 dB when the sub-cutaneous cutaneous implant is placed on the lateral side of the body at the same distance of 130 mm between the two implants. The highest coupling is seen when the sub-cutaneous implant is placed on the outer wall of the abdomen. A coupling of −75.2 dB is obtained at a distance of 100 mm between the two implants. This coupling is better than that of the lateral side of the body and shoulder by 9.02 dB and 13.11 dB respectively. This improvement is due to the proximity of the implant to the heart as well as lower losses in the bio-logical tissues in-between the heart implant and the sub-cutaneous implant placed in the abdominal wall. Thus, the animal experiment results confirm the simulation results that the abdominal wall is the optimal position for the placement of the implant compared to shoulder and lateral side of the body.
The simulations are based on human model and the experiments are on an animal. The size and shape of the models are not comparable. However, the objective of the study is not exactly to correlate the simulation results with the animal experiment results but to find the optimal placement of the sub-cutaneous implant. Both the numerical simulations and animal experiments proves it which is quite encouraging. The results cannot be directly correlated due to different contributing factors. The simulation considers an ideal environment whereas the experimental setup involves interference from surrounding environment. An ideal dipole antenna is used for the numerical simulations whereas in case of the animal experiments, a meander-shaped antenna of a different shape is used for the heart implant and a patch antenna for the receiver implant to collect the received signal. The other contributing factors are impedance mismatch of the antennas, antenna rotation, polarization mismatch and misalignment of the antenna in the animal experiment. These different contributing factors results in a significant difference between the results obtained from the software simulations and the animal experiments.
The results from all the bio-models show that the ISM band is the best frequency range for the operation of our given size implant antennas in the cardiac application. The normalized antenna size and radiation efficiency increase with frequency so the antenna performance increases at higher frequencies. Alternatively, the material losses also increase with the increase in frequency. The overall implant antenna efficiency is a result of the combination between the normalized size of the antenna and the material losses. Consequently, the best performance is observed in the ISM band with the dipole antenna of length 5 mm and diameter 2 mm.
In conventional pacemakers, one of the motivation behind placing the pacemaker can in a subcutaneous pocket in the shoulder is the large size of the can, which houses all electronics, whereas the battery occupies most of the volume. Placing such large cans in the lateral side of the body or abdominal wall would not only cause discomfort to the patients, but also have higher complication risks due to the thinner skin and greater plasticity of the abdomen. One of the main objectives of our project is to build a small-sized capsule based on novel power optimization strategies, such as distributing the power requirements between several nodes, which make up a multi-nodal pacemaker system. The small capsules may be placed in different locations within the body, without the constraints of the patient discomfort and can-related complication risks. Both the numerical analysis and animal experiments show that the abdominal wall is the optimal position for the placement of the implant in comparison to the shoulder and the lateral abdomen. This is due to the proximity of the implant to the heart, where the other antenna is implanted, as well as the lower losses in the biological tissues in-between the two implants.
V. CONCLUSIONS AND FUTURE WORK
In this paper, the propagation of RF signals for in-body to in-body implants have been analyzed for future cardiac pacemaker applications. The analysis is not done by averaging all the body tissues but rather involving the influences of all tissue layers between the implants, including the specific shape and size of them. The optimal position of the sub-cutaneous implant is determined based on the simulation results and living animal experiments.
We concluded in this paper that the ISM radio band of the frequency range of 2.4 -2.5 GHz is optimal for the multi-node pacemaker technology due to the size constraints of the capsule antenna. Since the implant path loss is a combination of the path loss due to the biological tissues with the antenna efficiency and the length of the implant antenna is much smaller compared to the wavelength in the frequency range of 0.3 -3 GHz, the overall antenna efficiency is higher at higher frequencies. This results in better antenna performance in the ISM band.
The next goal is to validate these simulation results with experimental studies on simple phantom models. The phantoms models are simple sucrose solutions with some other chemicals that mimics the permittivity of human tissues at different frequencies. More in-vivo experiments will be done on animals by placing the capsules at different positions and collecting the signals between the implants using probes. The simulation results provide a rational basis before more animal experiments, help better planning and possibly reduce the number of such experiments.
